It was previously demonstrated that there are no indigenous strains of Bradyrhizobium japonicum forming nitrogen-fixing root nodule symbioses with soybean plants in arable field soils in Poland. However, bacteria currently classified within this species are present (together with Bradyrhizobium canariense) as indigenous populations of strains specific for nodulation of legumes in the Genisteae tribe. These rhizobia, infecting legumes such as lupins, are well established in Polish soils. The studies described here were based on soybean nodulation field experiments, established at the Poznań University of Life Sciences Experiment Station in Gorzyń , Poland, and initiated in the spring of 1994. Long-term research was then conducted in order to study the relation between B. japonicum USDA 110 and USDA 123, introduced together into the same location, where no soybean rhizobia were earlier detected, and nodulation and competitive success were followed over time. Here we report the extra-long-term saprophytic survival of B. japonicum strains nodulating soybeans that were introduced as inoculants 20 years earlier and where soybeans were not grown for the next 17 years. The strains remained viable and symbiotically competent, and molecular and immunochemical methods showed that the strains were undistinguishable from the original inoculum strains USDA 110 and USDA 123. We also show that the strains had balanced numbers and their mobility in soil was low. To our knowledge, this is the first report showing the extra-long-term persistence of soybean-nodulating strains introduced into Polish soils and the first analyzing the long-term competitive relations of USDA 110 and USDA 123 after the two strains, neither of which was native, were introduced into the environment almost 2 decades ago.
S
oybean [Glycine max (L.) Merr.] is still an emerging crop in Poland, and soybeans are presently being planted only on about 2,800 ha. However, there has been a slow but systematic increase in production, and this is consistent with estimations made earlier by soybean breeders (1) . Grown only on a small scale in a few isolated locations, soybeans still remain interesting for farmers, and their cultivation is considered a potential supplemental source of plant proteins to feed to livestock.
Despite this, there are several registered soybean cultivars well suited to local environmental conditions, including Aldana and Augusta (from Poland), Merlin and Lissabon (from Austria), and Annushka and Mavka (from Ukraine). Recently, qualified seed production of the cultivars mentioned above has dramatically increased from 2 ha in 2009 to almost 600 ha in 2013, which further indicates farmers' interest in soybean production in Poland (Jerzy Nawracała, personal communication).
Relatively little information concerning the presence of symbiotic, nitrogen-fixing bradyrhizobia on soybeans in Poland is available. There are no indigenous Bradyrhizobium japonicum strains forming nitrogen-fixing, root nodule symbioses with soybeans in arable lands in Poland, and thus far, only a few local populations have been identified in a few locations where inocula were applied for growing soybeans (1) . It should be mentioned, however, that bacteria initially classified as B. japonicum are present (together with Bradyrhizobium canariense) as indigenous populations of strains specific for legumes of the tribe Genisteae. These rhizobia, infecting lupins, are well established in Polish soils. They have colonized the area, presumably migrating together with their hosts from the Mediterranean after the retreat of glaciers during the last 10,000 years (2) . These bacteria, however, cannot nodulate soybeans.
The lack of naturally occurring soybean microsymbionts in Polish soils provides unique opportunities to study the persistence, stability, competitiveness, and dispersal of bradyrhizobia introduced as inocula. It also opens the possibility to analyze the survival of rhizobia as soil saprophytes in the absence of host plants. This issue is particularly relevant since, despite the fact that rhizobia do not form resting-stage spores (3), they are still characterized as persistent autochthonous microbes in soils where they have been introduced. Moreover, there have been relatively few studies on the long-term survival of rhizobia in the absence of a legume host and in foreign environments and those without naturally occurring host plants. For soybeans, a few of these studies were done in France (4, 5) and Brazil (6, 7), but in some there was repeated inoculation due to die off.
The competitiveness of strains infecting soybeans may be strongly dependent on environmental conditions, and if they are indigenous, strains are likely to be more fit than more recent bacterial additions to soils to interact with host plant genotypes. Based on these assumptions, we designed experiments to study the competitive relationship between B. japonicum strains USDA 110 and USDA 123, introduced together into a field location where no soybean rhizobia were previously detected. While it has been shown that USDA 123 outcompeted USDA 110 in North American soils with strains comprised of several Bradyrhizobium serotypes (8) (9) (10) , no information on how these bacteria compete for nodulation in natural field soils devoid of indigenous soybeannodulating bradyrhizobia is available.
Here we report the results of field experiments initiated in 1994 where soybeans were sown into the soil after inoculation with B. japonicum USDA 123 and USDA 110, either separately or as a mixed inoculant. Soybeans were then grown in this location for the subsequent 3 years, and the field was used for growing other crops for the next 17 years. After this time, nodulation results showed the extra-long-term saprophytic survival of B. japonicum strains nodulating soybeans and the long-term competitiveness of USDA 110 and USDA 123 in natural soils initially devoid of soybean-nodulating bradyrhizobia.
MATERIALS AND METHODS
Initial field experiments from 1994 to 1997. A soybean nodulation field experiment was established at the Poznań University of Life Sciences Experiment Station in Gorzyń , Poland, about 80 km northwest from Poznań , Poland, in the spring of 1994 on soils characterized as arenic hapludalfs or albic luvisols (arenic) (11, 12) . The selected field site was free of indigenous strains capable of nodulating soybeans (1; unpublished data). Prior to the first sowing of surface-sterilized soybean [G. max (L.) Merr. cv Naviko] seeds, separate plots were inoculated with strain USDA 123, strain USDA 110, or a mixture containing equal cell concentrations of both strains. Inoculation was performed using a peat-based inoculum as previously described (13) . The seeds were inoculated using peat inoculum (100 g of inoculum per 1 kg of seeds) and gum arabic as a sticker. The mixed inoculation was performed using equal amounts of USDA 110 and USDA 123 at a final concentration of 2 ϫ 10 6 cells per seed. In the case of mixed inoculation, half of this number was USDA 110 and half was USDA 123. An uninoculated control plot was also included in the experiment, and each experimental plot was replicated four times (see Fig. S1 in the supplemental material). No inoculations were performed during subsequent experimental seasons. The experimental field is a part of a larger experimental area where field experiments had been conducted for at least 50 years. The crops cultivated in this particular part of the experimental station were wheat, barley, triticale, potatoes, and yellow and narrowleafed lupins.
Nodulation of soybean plants was analyzed 6 weeks after germination, and both the number and fresh weight of the nodules were measured. The strain occupancy of the nodules was determined by using an immunospot-blot method and cross-adsorbed, strain-specific antibodies as previously described (1, 14) . The experiment was repeated over four subsequent seasons, until 1997, and after that time, soybeans were not grown at this location.
Detection of soybean-nodulating bradyrhizobia 17 to 20 years after their introduction into Gorzyń soil. Twelve soil samples were obtained from the original field experiment site in September 2010. Surface-sterilized soybean [G. max (L.) Merr. cv. Augusta] seeds were sown in duplicate pots filled with these soil samples. Four seeds were sown in each pot. The plants were grown in a greenhouse for 5 weeks.
Independently, a trap host approach (15) was used directly in the field to determine the presence of soybean-nodulating bacteria and to determine the distance of their dispersal from their release site. For this purpose, in the spring of 2011, surface-sterilized soybean [G. max (L.) Merr. cv. Augusta] seeds were sown in the spots, forming two perpendicular lines of trap hosts across the site used for the former field experiment in 1994. The plants were harvested, and root nodules were collected 6 weeks after sowing. The experimental design is shown in Fig. 1 . In 2014, soy- beans were grown on the entire area of the initial experimental site, as indicated above.
Serological identification of bacteria from soybean root nodules. Nodules were collected from plants grown in the greenhouse after exposure to soil taken from the field site in September 2010. Four plants were taken from each of 12 soil samples. All nodules from each plant were separately collected and dried at 60°C for 48 h. The 48 samples collectively produced 1,266 nodules, all of which were analyzed for the presence of strains USDA 123 and USDA 110 by using the immuno-spot-blot method and cross-adsorbed, strain-specific antibodies, as previously described (1, 14) .
Isolation of bacteria from soybean root nodules. Bacteria were obtained from the root nodule, which had been surface sterilized with 95% ethanol and 3% sodium hypochlorite, as described by Somasegaran and Hoben (15) . Purified bacterial isolates were obtained by streaking nodule suspensions onto AG agar medium (16) containing 50 l/ml cycloheximide, followed by two to three successive isolations for single pure colonies on the same medium.
DNA isolation and PCR template preparation. Total genomic DNA was isolated from single bacterial colonies by using a GenElute bacterial genomic DNA kit (Sigma-Aldrich Corporation, St. Louis, MO, USA) following the manufacturer's instructions. Templates for PCR amplification were lysates of crushed soybean nodules stored in 25% glycerol at Ϫ80°C. A 50-l aliquot of PrepMan Ultra buffer (Applied Biosystems, Grand Island, NY, USA) was added to 50 l of the crushed suspension. The resulting mixture was heated for 5 min at 95°C and centrifuged for 5 min at 14,000 rpm, and the supernatant was used as a template for PCR.
Molecular identification of bacteria from soybean root nodules. Genomic DNA preparations were obtained from bacteria isolated from nodules from the September 2010 experiment. Three nodules were taken from each soil sample, giving 36 DNA samples. Three independent PCR analyses were performed with DNA from each isolate for the (i) identification of USDA 110-specific sequence (using strain-specific primers), (ii) analysis of recA gene sequences in order to distinguish between B. japonicum strains USDA 123 and USDA 110, and (iii) analysis of strain diversity using RP01 primers.
A B. japonicum USDA 110 strain-specific sequence was selected on the basis of an in silico search of the USDA 110 genome. Genomic positions 17139 to 18371 in the sequence with GenBank accession number BA000 040.2 are apparently specific for B. japonicum strains USDA 110 and USDA 6. The PCR primers Bj110F (5=-TAGGTGATGGGATAACGCTC T-3=) and Bj110R (5=-GTCCAGCTTCGCGATCGACCGG-3=) were designed on the basis of this sequence (see Fig. S2 in the supplemental material). The primers amplify a 199-bp DNA fragment between genomic positions 17151 and 17331 encoding a protein of unknown function.
In order to reconfirm the identification of the USDA 110 genotype versus the USDA 123 genotype, a common phylogenetic marker, the sequence of recA, was used. The nucleotide sequences of the recA genes from USDA 110 and USDA 123 (collection strains) were determined. Alignment of their 559-bp-long fragments allowed design of specific forward primers recA110 (5=-GGGCTCGACATTGCGCTC-3=) and recA123 (5=-GGGCTCGACATTGCACTG-3=), whose sequences are complementary to the fragment from positions 135 to 151 of the recA sequence (see Fig. S3 in the supplemental material). A common reverse primer, recA549R (5=-TTGCGCAGCGCCTGGCTCAT-3=), specific for the conserved regions of many bradyrhizobia (nucleotide positions 530 to 549) was designed.
The verification of the specificity of the recA primers was done for a collection of USDA 110 and USDA 123 strains and for randomly selected strains isolated from Gorzyń soil. The diversity of isolates identified to be related to strain USDA 110 or USDA 123 was analyzed using PCR with primer RP01 (5=-AATTTTCAAGCGTCGTGCCA-3=) as described by Richardson et al. (17) . The PCR was carried out using Allegro Taq DNA polymerase (Novazym, Poznań , Poland) under the following conditions: initial denaturation at 95°C for 2 min; 30 cycles of 30 s at 95°C, 30 s at 56°C for Bj110F, Bj110R, recA110, recA123, and recA549R or 52°C for RP01, and 1 min at 72°C; and a final elongation step of 5 min at 72°C. The PCR products were analyzed on 1% agarose gels.
Enumeration of bacteria by using MPN analyses. Determination of the number of bacteria capable of nodulating soybeans was performed by using the most-probable-number (MPN) technique as described by Somasegaran and Hoben (15) . Soil samples were collected in Gorzyń on 25 October 2012 and stored at 4°C. An equivalent of 100 g (dry mass) of soil (fresh weight, 109.4 g) was suspended in 900 ml of water, and the mixture was shaken intensively for 5 min. The resulting suspension was diluted, and 1 ml of each dilution was added to surface-sterilized soybean seeds sown in Leonard jar assemblies (15) . Five replicates were used for each dilution, and a negative control consisting of uninoculated surface-sterilized seeds was used. Nodulation was recorded after 34 days, and MPNs were determined as previously described (15) .
Enumeration of bacteria in soils using strain-specific FAs. The identification and counting of the B. japonicum USDA 110 and USDA 123 cells were done using strain-specific fluorescent antibodies (FAs) as described by Somasegaran and Hoben (15) and Schmidt et al. (18) . Two soil samples were analyzed, and two filters were prepared by filtering 10 ml of solution from each sample (see File S1 in the supplemental material). Statistical analyses. Results of all studies were evaluated for significance by using the R statistical software (version 3.1.2) (19) . Analysis of variance tests were followed by post hoc analysis with Fisher's least-significant-difference (LSD) test from the Agricolae package (20) , and the significance level was set at an ␣ value of 0.05. 6%) . The remaining samples (from locations 2, 7, 9, and 11) contained about equal numbers of cells of both strains. Taken together, 587 nodules (46.4%) were occupied by strain USDA 110, 653 nodules (51.6%) were occupied by USDA 123, and 26 nodules (2%) contained both strains (Fig.  2B) . Only three locations did not contain any doubly occupied nodules (see Table S1 in the supplemental material). Another 153 nodules were saved as crushed suspensions. Thirty-six suspensions, representing nodules from three plants from each of the 12 soil samples, were randomly chosen and used to obtain pure isolates. These isolates (UPP401 to UPP436) were stored in 50% glycerol at Ϫ80°C.
RESULTS

Detection
A plant-trap approach was used to determine the distance from the exact site of initial inoculation where bradyrhizobia could still be found. As shown in Fig. 1 and Table 1 , successful nodulation was observed in all soil samples tested but not those located farther than about 40 m westward from the edge of the former experimental site. This result suggests that there was rather poor dispersal of the inoculum strains. In 2014, soybean cultivation was con-sidered to serve as the ultimate confirmation of the presence of soybean-nodulating bradyrhizobia. Nodulation was detected within the entire experimental area. No further analyses were performed.
The identification of strains occupying nodules was performed using the PCR assay with USDA 110-specific primers. The data in Table 1 show that both strains were found to be dispersed within the entire area, revealing a fairly balanced proportion of both bacterial genotypes.
Molecular identification of bacteria from soybean root nodules. The identity and diversity of each of the 36 purified isolates were determined by using PCR and USDA 110 strain-specific and RP01 primers. Results verifying the specificity of the USDA 110-specific primers are shown in Fig. 3 . The amplicon of the expected size of 199 bp appeared when lysed cells of B. japonicum USDA 110 were used as the template for PCR amplification (Fig. 3, lane 1) . No specific products were generated with DNAs of the other bacteria tested, including B. japonicum USDA 123 (Fig. 3, lane 2) and lupin-nodulating strains B. japonicum UPP323 and UPP344 (2), Bradyrhizobium sp. strains UPP331 and UPP370, Bradyrhizobium sp. strain USDA 3045 (Lupinus), as well as Bradyrhizobium elkanii, resembling strain UPP372, and Bradyrhizobium yuanmingense, resembling strain UPP253. On the basis of these data, primers Bj110F and Bj110R were considered to be specific for B. japonicum strain USDA 110, and they were used to characterize purified isolates obtained from the root nodules of soybean plants grown in soil from Gorzyń . The PCR results in Fig. 4 show that 15 of 36 isolates (42%) could be presumed to be the descendants of the original inoculum strain B. japonicum USDA 110.
PCR amplifications done with recA-specific primers were used to reconfirm the identities of the B. japonicum isolates. The data in Fig. 5 show the specificity and usefulness of these primers. The DNA of the USDA 123 collection strain and isolates identified to be the presumed descendants of this strain (UPP405 and UPP406; Fig. 4 ; compare lanes 5 and 6) did not generate PCR amplification products when the recA110 primer was used (Fig. 4, lanes 4 to 6) . Conversely, the recA123 primer did not produce PCR amplification products with template DNA from USDA 110 and its presumed descendants (UPP401 and UPP403).
The diversity of isolates identified to be related to strain USDA 110 or USDA 123 was analyzed by using PCR with primer RP01 and appeared to be low, since only two types of profiles consistently representing the two strains identified were found in Fig. 6 . Among the 36 strains analyzed, the profiles for strains UPP403, UPP404, UPP407, UPP408, UPP401, UPP409, UPP410, UPP412, UPP413, UPP416, UPP419, UPP422, UPP428, UPP431, and UPP434 (shown in lanes 1, 2, 5, 6, 9, 12, 13, 17, 18, 19, 20, 22, 28, 31 , and 34, respectively) represented the profile typical for strain USDA 110. The remaining profiles were characteristic of B. japonicum strain USDA 123. The fragments in lane 16 are likely due to a nodule (used as the template source) that was occupied by both strains.
Enumerating bradyrhizobia in soils. The MPN technique was used to quantify the number of bradyrhizobia in Gorzyń soil samples capable of nodulating soybeans. The results indicated that this soil sample contained about 1 ϫ 10 3 bradyrhizobia per gram (dry weight) of soil. The number of bradyrhizobia in duplicate Gorzyń soil samples was also evaluated by using direct immunofluorescence (18) . Results of fluorescent-antibody (FA) analyses indicated that, on average, in 2012, the soil contained 1.2 ϫ 10 4 and 6.9 ϫ 10 3 cells per gram of USDA 123 and USDA 110, respectively, after 15 years of no host plants (see Table S2 in the supplemental material).
DISCUSSION
The experiments described here were designed to study the interrelationship of well-known competing B. japonicum strains (USDA 123 and USDA 110) introduced into a foreign environment from 1994 to 1997. The mixed-inoculation experiment revealed that USDA 110 initially prevailed over USDA 123. About 70% of the nodules were occupied by this strain, as established by using an immuno-spot-blot method and cross-adsorbed strainspecific antibodies. However, good performance by USDA 110 was also observed during the following years. For natural reasons, the areas occupied by both strains expanded, leading to an overlap of their initial sites of inoculation. The domination of USDA 110 was not as pronounced during the 3rd and 4th years after inoculation, but both strains showed a good survival rate (unpublished data). These observations allowed us to determine (i) the persistence (survival) of symbiotic bacteria (bradyrhizobia) without a host legume, (ii) the genetic stability of inoculant bacteria in the soil environment, and (iii) the mobility of particular genotypes, that is, the spatial range of bacteria spread from the site of their introduction into soil.
Addressing the first issue, our findings clearly indicate that a Identification is based on PCR analyses done using USDA 110-specific primers (Bj110F and Bj110R). b Bacteria which did not reveal the presence of a USDA 110-specific amplicon. The nucleotide sequences of recA from five randomly picked isolates were determined, showing their identity with USDA 123. c ND, not done (no plants germinated in this location).
both strains introduced as the inocula remained viable and active as soybean microsymbionts for over 20 years after the only inoculation in May 1994 and the subsequent growth of soybean for an additional 3 years (1994 to 1997). This result is in contrast to that of Dunigan et al. (21) , who showed that repeated inoculation was required for 3 years to establish B. japonicum in a Louisiana soil. The number of bacterial cells capable of nodulating soybeans long after inoculation was also surprisingly high for the introduced strains. Their abundance, estimated by the MPN method (ϳ10 3 g Ϫ1 ),
was very similar to the number of Bradyrhizobium sp. strains nodulating lupins and native to Polish soils. Martyniuk et al. (22) classified soils containing over 1,000 cells in 1 g of soil to be highly populated by these rhizobia. This observation should be interpreted by considering particular groups of diazotrophic, bacterial symbionts. One should remember that their presence in the soil is usually detected by the plant-trap method. The difference in our results and those of previous studies may be due to the fact that others have introduced rhizobia into soils already containing an indigenous population of these bacteria. Our estimate of cell numbers based on the FA method suggested that the number of rhizobial cells was 20 times more than that determined by the MPN method. This may be due to the presence of viable but not culturable (infectible) bradyrhizobia. On the other hand, the immunofluorescence technique tends to overestimate the population sizes of soil bacteria (23) . This is perhaps the reason for the relatively common opinion that the presence of host plants is necessary for the survival of their respective microsymbionts. The chromosomal localization of genes regulating symbiosis in the genus Bradyrhizobium may explain why bacteria belonging to this group persist relatively well in soil. However, the survival period of B. japonicum as saprophytes was reported to be 8 to 13 years (4, 5) , and environmental conditions also remain an important factor governing the presence of indigenous strains. The very poor survival of inoculant strains of a Bradyrhizobium sp. (Cajanus) was reported (24) . This was most probably due to the high soil temperature and fluctuating soil moisture content. None of these factors were present in the Polish soil used in this study, and there were no indigenous strains of soybean-nodulating B. japonicum. Thus, as has been pointed out by others and is standard practice in some countries (e.g., New Zealand), decisions on the application and type of inoculum strain should be made carefully. As has been discussed earlier (25, 26) , both edaphic conditions and existing bacterial populations strongly affect inoculation success.
Considering the second issue, isolates which were obtained from the root nodules of soybean plants grown in the soil from the experimental site in this study were very likely descendants of the original inoculum strains (B. japonicum USDA 110 and USDA 123). Thus, these strains appear to be very stable in their new environment. Similar observations were reported for soils in France (5), whereas there was great variability in B. japonicum and B. elkanii survivors 7 years after their introduction as inoculants into Brazilian soils (6) . Interestingly, none of the tested strains outcompeted the other strain after long-term persistence in the Polish soil without host plants, and the abundance of the strains in the soil was almost equal. This is in contrast to previous reports for U.S. soils showing the dominance of strain USDA 123 over strain USDA 110 (8) (9) (10) . This may in part be due to a lack of other competing strains and strain compatibility with the local environment, including the local microbiota.
With respect to the issue of mobility, that is, the spatial range of bacterial spread from the site of inoculation, it was rather remarkable that soybean-nodulating bacteria were limited to a rather small area. No soybean bradyrhizobia were found about 50 m from the original experimental plots, as determined by using the MPN method. It should be noted, however, that the original experiment in 1994 was done within the larger area of an experimental field, where cultivation (plowing and harrowing) was done in different directions along the entire field. Moreover, even the short distance of mobility of the rhizobia appeared to be limited to mechanical movement (e.g., by harrowing) of soil particles, so the spatial range likely increased only about twice during the course of the experiment. This is in contrast to the findings for symbiotic strains with characteristics similar to those of the inoculant strains found in uncropped soils in Brazil (7) . While the spread of soil through the air has been considered one mechanism for the movement of compatible bacteria outside the area of host growth (27) , this did not appear to be the case at our field site.
In summary, the results of this study show that soybean-specific B. japonicum strains remained viable and symbiotically competent in a foreign environment that was originally free of indigenous soybean microsymbionts for at least 20 years after they were introduced into the soil as inocula. This occurred even though soybeans were not grown in the location for the next 17 years. We also found that the surviving isolates, which were determined by using molecular and immunochemical methods, were undistinguishable from the original inoculant strains, USDA 110 and USDA 123. Moreover, these competing strains could be detected in fairly high and balanced numbers, suggesting that the competitive dominance of strain USDA 123 in U.S. soils may be due to situations where the inoculant strain was introduced into an environment where well-established populations of indigenous strains exist. Alternately, abiotic factors may have favored one strain over another. Lastly, the mobility of bradyrhizobia was relatively low and nodulation-competent soybean microsymbionts could be detected no farther than about 40 m from the limits of the original area of inoculation, despite intensive soil cultivation at the study site. Taken together these results show that B. japonicum strains maintain their symbiotic competence for decades in the absence of a legume host.
